Optimization of imaging before pulmonary vein isolation by radiofrequency ablation: breath-held ungated versus ECG/breath-gated MRA Abstract Isolation of the pulmonary veins has emerged as a new therapy for atrial fibrillation. Pre-procedural magnetic resonance (MR) imaging enhances safety and efficacy; moreover, it reduces radiation exposure of the patients and interventional team. The purpose of this study was to optimize the MR protocol with respect to image quality and acquisition time. In 31 patients (23-73 years), the anatomy of the pulmonary veins, left atrium and oesophagus was assessed on a 1.5-Tesla scanner with four different sequences: (1) ungated twodimensional true fast imaging with steady precession (2D-TrueFISP), (2) ECG/breath-gated 3D-TrueFISP, (3) ungated breath-held contrastenhanced three-dimensional turbo fast low-angle shot (CE-3D-tFLASH), and (4) ECG/breath-gated CE-3D-True-FISP. Image quality was scored from 1 (structure not visible) to 5 (excellent visibility), and the acquisition time was monitored. The pulmonary veins and left atrium were best visualized with CE-3D-tFLASH (scores 4.50± 0.52 and 4.59±0.43) and ECG/breathgated CE-3D-TrueFISP (4.47±0.49 and 4.63±0.39). Conspicuity of the oesophagus was optimal with CE-3D-TrueFISP and 2D-TrueFISP (4.59± 0.35 and 4.19±0.46) but poor with CE-3D-tFLASH (1.03±0.13) (p< 0.05). Acquisition times were shorter for 2D-TrueFISP (44±1 s) and CE-3D-tFLASH (345±113 s) compared with ECG/breath-gated 3D-TrueFISP (634±197 s) and ECG/breath-gated CE-3D-TrueFISP (636±230 s) (p< 0.05). In conclusion, an MR imaging protocol comprising CE-3D-tFLASH and 2D-TrueFISP allows assessment of the pulmonary veins, left atrium and oesophagus in less than 7 min and can be recommended for preprocedural imaging before electric isolation of pulmonary veins.
Introduction
Isolation of pulmonary veins has emerged as a new therapy modality for patients with symptomatic, drug refractory atrial fibrillation [1] . Paroxysms of atrial fibrillation frequently originate from the pulmonary veins, with almost half arising in the superior left vein [2] . Electric isolation of pulmonary veins by circumferential radiofrequency ablation in the antrum can provide excellent long-term results in selected patients.
Imaging before isolation has three major objectives: (1) to detect anatomic variants of pulmonary veins that exhibit a complex anatomy with significant inter-and intrapatient variability in size, shape, bifurcation and branching patterns [3] ; (2) to identify the oesophagus to avoid direct contact with the site of radiofrequency application, which can result in atrio-oesophageal fistula, a rare but potentially lethal complication [4] ; (3) to integrate detailed threedimensional (3D) anatomic data directly into an electroanatomic mapping system, thus enhancing efficacy and safety of the procedure, and reducing fluoroscopy time and radiation exposure of patients and interventional team [5] .
Contrast-enhanced (CE) ECG-gated computed tomography (CT) is frequently used for 3D imaging of the left atrium and pulmonary veins. ECG-gated CT, however, may be hampered by rhythm disturbances in patients with paroxysmal or persistent atrial fibrillation [6] . Moreover, CT-related radiation exposure of approximately 10 mSv [6] is a concern, since the isolation procedure itself is guided by fluoroscopy and can be associated with substantial radiation exposure. This is particularly relevant in repeated imaging of pulmonary veins due to repeated procedures or follow-up.
Magnetic resonance (MR) is also used for pre-procedural imaging before isolation of pulmonary veins. Axial 2D imaging might show the anatomic relation between the oesophagus and left atrium but is not sufficient for procedure planning. Dong et al. [7] proposed a breathheld CE MR angiography (CE-3D-MRA) without ECG gating. An ECG-gated and respiratory-gated (ECG/breathgated) sequence, however, has not been assessed for procedure planning. This sequence has been introduced for coronary angiography and can depict anatomy in great detail [8] . Such images are acquired using the diaphragm position for respiratory gating [9] . The acquisition time, however, can be 10 min and longer [9] . The application of ECG/breath-gated MR for planning electric isolation of pulmonary veins has not yet been assessed. It is unclear whether pre-procedural imaging can be optimized with such a sequence.
The purpose of the current study was to optimize the MR protocol with respect to image quality and acquisition time. The following sequences were compared: (1) ungated 2D balanced steady state free precession (2D-TrueFISP), (2) ECG/breath-gated 3D-TrueFISP [9] , (3) ungated breathheld CE 3D turbo fast low-angle shot (tFLASH), and (4) ECG/breath-gated CE-3D-TrueFISP.
Materials and methods

Patients
Thirty-one consecutive patients scheduled for image guided isolation of pulmonary veins by radiofrequency ablation were included. The study was approved by the local Ethical Committee. Patient age ranged from 23 to 73 years with mean age of 53. Twenty-four patients were male, seven were female.
MR imaging
Patients were placed supine in a 1.5-Tesla magnet (Magnetom Avanto or Espree, Siemens, Erlangen, Germany) equipped with a phased array body coil. After multiplanar scout images, the following images were acquired. Axial 2D-TrueFISP with slice thickness of 6 mm and spacing of 7.5 mm with TR/TE of 2.8/1.2 ms during breath-hold without ECG-gating. Typically images were acquired in two stacks of 15 slices each.
Respiratory-and ECG-gated 3D-TrueFISP images with TR/TE of 3/1.3 ms were acquired in axial orientation as previously described [8, 9] . Effective matrix was 256×173 reconstructed to 512×246, effective spatial resolution was 1.5×1.3×1.5 mm 3 , reconstructed resolution was 0.8×0.7× 1.5 mm 3 , 80 partitions. Briefly, a navigator was placed perpendicular to the liver/lung interface enabling breathgating during free breathing. Image data acquired after every ECG-gating signal were accepted or rejected depending on the position of the diaphragm. After a test scan the acceptance window was optimized to minimize rejected image data and to enhance scan efficiency; the acceptance window was set to 4.5-mm wide. Patients were instructed to breathe normally and regularly; the average navigator efficiency was 51±14%.
Breath-held, ungated 3D-MRA was a specific 3D CE-MRA protocol, which was acquired after a test bolus injection of 2 ml Gd-DOTA to measure the arrival time of the bolus from injection in a cubital vein to the left atrium as discribed previously [10] . Three-dimensional tFLASH images with a matrix size of 307×512, field of view 380× 380 mm, 80 partitions and slice thickness of 1.2 were acquired with TR/TE settings of 3.5/1.3 ms and a flip angle of 25°during breath-hold for 18 s before and after administration of 0.1 mmol/kg GdDOTA. Precontrast images were subtracted from postcontrast images.
Subsequently 3D-TrueFISP was repeated during the equilibrium phase of contrast material.
Image analysis
Images were transferred to a workstation for analysis with efilm software (Merge Healthcare, Mississauga, Canada). Image quality was assessed with respect to delineation of pulmonary veins, left atrium, and Oesophagus by a reader with 15 years' experience in cardiac MR. Image quality was scored on a five point scale as follows: (1) structure not visible, (2) structure visible, non-diagnostic, (3) visible but limited diagnostic value, (4) visible, diagnostic, (5) excellent visibility, clear delineation of structure. Signalto-noise ratios (SNRs) for left atria were calculated by dividing the signal intensity of the left atria by the standard deviation.
The acquisition time was determined by adding the acquisition times of the stacks of 2D-TrueFisp images, by calculating the time elapsed between the start of test bolus and end of CE-3D-MRA. The acquisition time of respiratory and ECG-gated 3D-TrueFisp before and after contrast administration was available from the log file of the images.
Statistical analysis
Data are reported as mean ± standard error of the mean. The acquisition times had no normal distribution (KomolgorovSmirnov test). Therefore, we used repeated measures nonparametric Friedman group tests and post-hoc pair-wise comparisons in Dunn's multiple comparison tests. A p value < 0.05 was considered significant.
Results
CE-MR was well tolerated by all patients. Twenty-one patients were in sinus rhythm, ten in atrial fibrillation. All MR imaging studies were diagnostic and could be used for planning of interventional isolation of the pulmonary veins. The mean total examination time was 48 min.
Pulmonary veins were best appreciated with ungated CE-3D-tFLASH and ECG/breath-gated CE-3D-TrueFISP with scores of 4.50±0.52 and 4.47±0.49, respectively. Scores of 2D-TrueFISP and 3D-TrueFISP were significantly lower with values of 3.65±0.57 and 3.72±0.55, respectively (p<0.01). Thus, the pulmonary veins were best visible with CE-3D-tFLASH and CE-3D-TrueFISP (Fig. 1) . The SNR of ECG/breath-gated CE-3D-TrueFISP was higher (21.3±6.7) compared with non-enhanced 3D-TrueFISP (13.8±3.8) and CE-3D-tFLASH (9.0±2.4). The majority of patients had normal pulmonary vein anatomy with two veins draining on either side. Anatomic variations of pulmonary vein anatomy, such as supranumerous veins (n=4) or common ostia (n=2), were found in six (19%) patients. Figure 2a shows a supranumerous right middle lobe vein draining directly to the left atrium; Fig. 2b shows all right pulmonary veins draining through one ostium into the left atrium, as depicted with the CE-3D-tFLASH sequence.
The left atrium was best delineated on CE-3D-tFLASH and CE-3D-TrueFISP with scores of 4.59±0.43 and 4.63± 0.39, respectively (Fig. 3) . On 3D-TrueFISP, and particularly on 2D-TrueFISP images, the walls of the left atrium were less conspicuous with scores of 3.78±0.35 and 3.29± 0.42, respectively (p<0.01). In particular, the superior and The oesophagus was best visible on axial CE-3D-TrueFISP and 2D-TrueFISP, with scores of 4.59±0.35 and 4.19±0.46, respectively. On 3D-TrueFISP the oesophagus was less conspicuous 3.94±0.47 and on CE-3D-tFLASH it was almost invisible with a score of 1.03±0.13. Thus, the oesophagus is best visible with axial 2D-TrueFISP and CE-3D-TrueFISP sequences (Fig. 3) .
The acquisition times were 44±1 s for 2D-TrueFISP, which was acquired in two stacks, 634±197 s (10 min 34 s) for free-breathing 3D-TrueFISP, 345±113 s (5 min 45 s) for CE-3D-tFLASH (including the test bolus scan and calculation of bolus arrival time but exclusive of injector set-up), and 636±230 s (10 min 36 s) for CE-3D-TrueFISP (Fig. 4) . Although patients were instructed to breathe normally and regularly, some patients showed a trend towards shallow breathing pattern or even fell asleep. In these cases patients had to be reminded to breathe regularly.
Discussion
The major findings of this study are: (1) pulmonary veins and left atrium are best visualized on CE-3D-tFLASH and ECG/breath-gated CE-3D-TrueFISP, (2) oesophagus is best visualized on 2D-TrueFISP or CE-3D-TrueFISP images, and (3) the acquisition times of breath-held 2D-TrueFISP and CE-3D-tFLASH are significantly shorter than those of free breathing (ECG/breath-gated) sequences.
The position of pulmonary vein ostia are important anatomic landmarks in planning the ablation lines. The variation in number and insertion of pulmonary veins, however, is very high [11] , thus illustrating the need for precise anatomical data. The positive effect of merging a 3D CT data set with a electronantomic map on the success rate of left atrial ablation has recently been shown [12] . These authors reported a success rate of 69% without versus 80% with 3D image fusion [12] . Moreover, adding 3D images significantly reduced fluoroscopy time from 62 to 49 min and thus also reduced radiation exposure considerably [12] . Further reduction of radiation exposure was the motivation for replacement of CT [13] by MR [7] . The current study showed that MR can be used for this purpose and that pulmonary veins and left atria are best visualized on CE-3D-tFLASH and ECG/breath-gated CE-3D-TrueFISP. This finding is supported by a study from Heist et al. [5] , who reported good image integration for electroanatomic mapping with a CE-3D-MRA sequence. Moreover, these authors compared MR and CT and found no significant difference between these modalities with respect to accuracy of image integration. Error in integration, however, was higher in enlarged left atrium [5] . This is an important finding, since modest differences in Fig. 3 Image quality score for pulmonary veins, left atrium and oesophagus. Visibility of pulmonary veins and left atrium was suboptimal on 2D-TrueFISP and ECG/breath-gated 3D-TrueFISP, whereas both CE-3D-tFLASH and ECG/breath-gated CE-3D-TrueFISP provided significantly better visibility. The oesophagus was barely visible on CE-3D-tFLASH but well assessable on the other sequences. Thus 2D-TrueFISP and breath-held CE-3D-tFLASH are complementary and may be recommended to achieve good conspicuity of veins, atrium and oesophagus Fig. 4 Acquisition times of tested sequences. The shorter acquisition time of both 2D-TrueFISP and CE-3D-tFLASH compared with the other sequences (p<0.05) is another strong argument to recommend them for pre-procedural imaging integration error may be particularly important in relation to the thin ridges separating the pulmonary vein and the left atrial appendage, which are typically 3-6 mm in width [14] . The image quality of this ungated sequence was similar to ECG/breath-gated CE-3D-TrueFISP but acquisition time was significantly shorter. Thus, cardiac motion seems to have a minor impact on imaging pulmonary veins and the left atrium. This notion is supported by data from Malchano et al. [15] , who found that the phase of the cycle would not be expected to have an overly negative/dramatic impact on the quality of registration, since the regions of the left atrium most relevant for performing a pulmonary vein isolation procedure do not tend to have large movements during the cardiac cycle, since they are tethered to the body near the pulmonary veins. The same seems to be true for the hemodynamic status that might change between preinterventional 3D imaging and electroanatomic mapping [15] . On the other hand, Syed et al. [16] and Lickfett et al. [17] have reported significant motion of pulmonary vein orifice during the cardiac cycle. Malchano et al. [15] also compared acquisition at end-inspiration and end-exspiration and found that datasets in end-expiration align significantly better to the electroanatomic mapping than end-inspiration images, which is consistent with the finding that expiration corresponds best with the state of "quiet respiration", during which catheter-based electroanatomic mapping points are typically acquired [15] . Unenhanced MR was unacceptable in the current study, which is interesting because a radiation-free and contrastmaterial-free modality would have been desirable, particularly in the context of recent concerns of contrast-induced nephrogenic systemic fibrosis [18] . The oesophagus and left atrium have a close relation with mean contact width of 18.9 mm [19] . Thus procedure planning requires assessment of atrio-esophageal relation to avoid thermal injury with fistula formation and potentially fatal haemorrhage [20] . The course of the oesophagus is quite variable, but typically it is closer to the left pulmonary vein [19] . One has to bear in mind, however, that the oesophagus is a mobile structure with a range of motion of up to 2 cm, as observed on cinefluoroscopy [21] . Visualization of the oesophagus was poor on CE-3D-tFLASH images, which can be explained by the strong T1 weighting with an echo time of 1.3 ms and a flip angle of 25°. Such angiography sequences are optimized for imaging gadolinium-enhanced vessels with minimal confounding background signal [10] . In the current study, the oesophagus was best visualized on ECG/breath-gated CE-3D-TrueFISP which can be explained by enhancement of the mucosa. Thus, a CE-TrueFISP sequence should be included in an imaging protocol for procedure planning.
The acquisition times in the current studies were shortest for 2D-TrueFISP and CE-3D-tFLASH. These images provide the relevant data for planning of electroanatomic mapping and the 3D dataset can be imported in the software for the procedure. Acquisition times of breath/ respiratory-gated 3D-TrueFISP and CE-3D-TrueFISP were both longer. Similar image quality of CE-3D-tFLASH and CE-3D-TrueFISP but substantially shorter acquisition time of CE-3D-tFLASH are arguments in favour of CE-3D-tFLASH for imaging pulmonary veins and left atria. This sequence should be complemented by 2D-TrueFISP for depiction of the oesophagus with diagnostic quality thus resulting in a concise imaging protocol.
The following limitation of the current study has to be mentioned. The current study was focused on optimization of an MR protocol with respect to imaging of structures relevant for interventional isolation of pulmonary veins and acquisition time. The alignment of the 3D MR data with the electroanatomic mapping, however, has not been addressed in the current study.
In conclusion, we suggest the following MR protocol for imaging pulmonary veins, left atrium, and oesophagus, to plan and guide interventional isolation of pulmonary veins. After multiplanar scout images, CE-3D-tFLASH should be acquired for assessment of pulmonary veins and the left atrium, followed by 2D-TrueFISP for visualization of the oesophagus (Table 1) . These images can be acquired within 7 min, multiplanar scout images and set-up not included.
